Norway spruce (Picea abies) debarking water is an aqueous extract obtained as waste from the debarking of logs at paper mills. The debarking water contains a mixture of natural compounds that can exhibit diverse biological activities, potentially including fungicidal activity on some species of wood-decaying fungi. Thus, we investigated the growth rates of such fungi on agar plates to which debarking water extracts had been added. The experiment included five wood-decaying fungi, viz. Gloeophyllum sepiarium, Oligoporus lateritius, Ischnoderma benzoinum, Junghuhnia luteoalba, and Phlebia sp. Growth reduction was observed for all species at the highest tested concentrations of freeze-dried and ethanol-extracted debarking water, the ethyl acetate-soluble fraction and the diethyl ether-soluble fraction. However, the magnitude of the effect varied between different species and strains of individual species. The brown-rot fungi G. sepiarium and O. lateritius were generally the most sensitive species, with the growth of all tested strains being completely inhibited by the ethyl acetate-soluble fraction. These results indicate that development of antifungal wood-protecting agents from debarking water could potentially be a way to make use of a low-value industrial waste.
Introduction
Wood-decaying fungi are dominant dead-wood decomposers, providing recycling of nutrients and carbon (Harmon et al., 1986) as well as providing seed beds for other organisms in the forest ecosystem (Tedersoo et al., 2008; Yelle et al., 2008) . Wood is also a vital raw material for pulp, paper, and construction industries among others, and thus wood protection is an important research area (Schultz et al., 2007) . Wood-decaying fungi decompose cellulose, hemicellulose, and lignin of living trees, commercial timber, and wood products, while molds and other fungi may cause discolouration of the wood and thus lower its economic value (Bowyer et al., 2003; Goodell, 2003; Messner et al., 2003) . Different wood-decaying fungi use various secreted decomposing enzymes such as cellulases, hemicellulases, lignin peroxidase, manganesedependent peroxidase, and laccase (Suzuki et al., 2006; Yelle et al., 2008) . But, as the enzymes are too large to penetrate the unmodified cell walls of healthy wood the decay process therefore must be preceded by a nonenzymatic process. It is considered that reactive oxygen species and the Fenton reaction might be involved in the decay mechanism (Green and Highley, 1997; Leonowicz et al., 1999) .
Bark from tree species is a rich source of antioxidants and antimicrobial agents, such as waxes, resins, phenols, and tannins. The bioactivity of extracts from bark from different sources will vary, as has been shown in studies involving the evaluation of antifungal properties of bark from several tree species (Yang et al., 2004; Yang, 2009) . Phenolic compounds are well documented as antimicrobial agents (Duke, 1985) . Phenol extractives of spruce origin have antioxidant activity (Co et al., 2012) and might also act as fungi-cides on various species of wood-decaying fungi. The site(s) and number of hydroxy groups on the phenol ring are thought to be related to their relative bioactivity, and increasing hydroxylation usually results in increased antimicrobial effects (Geissman, 1963) . Also, there are suggestions that oxidized phenols are potent inhibitors, with enzyme inactivation being one of the possible mechanisms of toxicity (Mason and Wasserman, 1987) .
Debarking water is a waste from the debarking of logs at paper mills. At the thermo-mechanical pulping (TMP) Ortviken paper mill in Sundsvall, Sweden, the debarking of spruce logs is facilitated by spraying them with water heated to 37 • C. After pressing out the water from the removed bark, one obtains the debarking water which is a brown, thick extract that is considered as waste. The water-soluble or partly watersoluble substances in these waste waters are predominantly mono-and oligosaccharides, hydroxystilbenes and their glucosides, catechins, polyphenols, and resin acids (Kylliäinen and Holmbom, 2004) . At present, there is no commercial use for this natural chemical resource. Like some other waste waters in the paper industry, it contains wood substances with a negative impact on the factory's biological cleaning system, and thus represents an environmental risk (Allen and Back, 2000) . If useful compounds could be recovered from the debarking water, it would add value to the costly and complicated waste management.
The aim of this study was to investigate a possible inhibitory effect of debarking water from Norway spruce (Picea abies) on the growth rate of five species of wood-decaying fungi growing on agar plates, viz. Gloeophyllum sepiarium, Oligoporus lateritius, Ischnoderma benzoinum, Junghuhnia luteoalba, and Phlebia sp., which were chosen because they represent different ecological strategies and differ in their fungal properties. To our knowledge, the antifungal properties of debarking water have not been investigated against wood-decaying fungi previously. This screening study should be seen as a first step towards the identification of a new potential wood-protecting system and, if successful, the commercial use of debarking water.
Materials and Methods

Chemicals and instrumentation
Agar, malt extract, and magnesium sulfate were purchased from Sigma-Aldrich (Steinheim, Germany Thin-layer chromatography (TLC) was performed using Fluka silica gel on TLC aluminium foils (SigmaAldrich), with various mixtures of ethyl acetate and cyclohexane as mobile phases. HPLC-mass spectroscopy (MS) analyses were performed on an Agilent 1290 infinity HPLC system equipped with a photodiode array detector and a 6520 Accurate mass-Q-TOF mass spectrometer (Santa Clara, CA, USA). The system was fitted with an Agilent Zorbax Eclipse plus C-18 rapid resolution HD 2.1 × 100 mm 1.8 micron column and eluted using a methanol/water gradient containing 0.1 % (v/v) formic acid. Freeze-drying was performed with a Christ Alpha 1 -4 unit (Abex instruments, Osterode/Harz, Germany).
Fungi
We tested five species of saprotrophic basidiomycetes that decompose conifer wood: Gloeophyllum sepiarium (Wulfen) P. Karst., Oligoporus lateritius (Renvall) Ryvarden & Gilbertsson, Ischnoderma benzoinum (Wahlenb.) P. Karst., Junghuhnia luteoalba (P. Karst.) Ryvarden, and Phlebia sp. (Pers.). The first two species are brown-rot fungi, while the latter three are white-rot fungi. The studied species have different preferences in terms of the decay stage of the wood: G. sepiarium prefers fairly fresh wood, J. luteoalba and O. lateritius prefer moderately decayed wood, and I. benzoinum prefers wood in the later stages of decay (Renvall, 1995) . The wood preferences of Phlebia sp. are not known. Three strains of G. sepiarium and J. luteoalba, two strains of I. benzoinum, and one strain each of O. lateritius and Phlebia sp. were tested. All cultures were maintained on plates of malt extract agar prior to experimental use. The tested fungal strains are maintained in the Mid Sweden University Fungal Collection.
Preparation of agar plates
After evaporation of the solvent, the dry substances obtained from the debarking water were weighed into bottles. The agar solution was autoclaved and then mixed with the substances while still warm. The resulting mixture was directly poured into 9-cm/25-mL sterile Petri dishes and allowed to cool. Control dishes were prepared in the same way but without the addition of debarking water substances.
The concentrated solvent fractions were analysed by NMR spectroscopy to determine the residual solvent content before adding them to the agar plates. Aside from the ethyl acetate extracts used in experiment 2, all of the fractions were found to be free of residual extraction solvent. The antifungal activity of ethyl acetate itself was therefore investigated; it was found to have a very modest inhibitory effect relative to the control, and this was deemed insufficient to meaningfully affect the evaluation of the experimental results.
Experiment 1
An 1-L sample of debarking water was freeze-dried at −50 • C and 10 kPa for 48 h. The freeze-dried powder (dry weight: 42.7 g, 4.3 % w/w of the debarking water) was extracted with ethanol (600 mL, 95 %) for 24 h and then filtered to remove any undissolved material, after which the ethanol was evaporated off (yield: 24.4 g, 57 % w/w of the dry weight of the debarking water). Agar plates containing three concentrations of the dried ethanol extract (0.116 g/L, 1.16 g/L, and 11.6 g/L, corresponding to approximately 5, 50, and 500 mg, respectively, of the dry weight of the debarking water per agar plate) were prepared.
Experiment 2
A 2-L sample of debarking water was sequentially extracted with n-pentane (3 × 670 mL) and ethyl acetate (3 × 670 mL). The two organic extracts were separately dried over MgSO 4 , filtered, and the solvent was evaporated off. The remaining debarking water was concentrated to 1/10 of its initial volume. Ethanol was added to a final concentration of 80 % (v/v) after which the mixture was extracted for 24 h, filtered, and evaporated to remove the remaining solvent. The n-pentane extraction yielded 0.857 g of dry material and the ethyl acetate extraction yielded 6.18 g (corresponding to yields of 1.1 % and 7.7 %, respectively, based on the dry weight of the debarking water sample). The water/ethanol extract was not fully dried, and so its yield was not calculated. Agar plates containing 0.428 g/L of the dried n-pentane extract, 3.09 g/L of the dried ethyl acetate extract, or an amount of the water/ethanol extract corresponding to approximately 1 g of the dry weight of the debarking water were prepared.
Experiment 3
A 2-L sample of debarking water was first extracted with 3 × 670 mL of n-pentane, to remove the n-pentane-soluble substances from the extract. This fraction was discarded. The remaining water extract was sequentially extracted with diethyl ether, dichloromethane, and ethyl acetate. The latter three extracts were dried over MgSO 4 and filtered, after which the solvent was evaporated. The diethyl ether, dichloromethane, and ethyl acetate extracts furnished 2.59 g (3.2 %), 0.70 g (0.9 %), and 2.60 g (3.2 %) of dry material, respectively, based on the dry weight of the debarking water. Agar plates containing 1.42 g/L of the dried diethyl ether extract, 0.38 g/L of the dried dichloromethane extract, or 1.43 g/L of the dried ethyl acetate extract, corresponding to 1.1 g of the dry weight of the debarking water were prepared.
Experimental setup and statistical analysis
Each of the three experiments included a control and three debarking water treatment levels. We used five replicates of each of the three strains of G. sepiarium, I. benzoinum, and J. luteoalba. One strain of I. benzoinum was lost in experiment 1. We used one single strain of each of the species O. lateritius and Phlebia sp. In experiment 1 we used fifteen replicates of each species, and in experiment 2 ten replicates of Phlebia sp. and five replicates of O. lateritius. In total this corresponds to 240 -280 individual trials per experiment.
Circular agar plugs with diameters of 18 mm were transferred from pure and well growing fungal cultures and placed in the centre of the prepared agar plates. The agar plates were stored at ambient temperature in the laboratory. The diameter of the growing mycelium (in mm) was visually observed and measured with a ruler every second day for two weeks or until the mycelial growth reached the edge of the Petri dish. The growth rates (in mm/d) of the studied fungi were used as the response variables for the different treatments. Because of the large sample size in each experiment and the fact that the growth rates approached a normal distribution, we used a parametric analysis of covariance to characterize the effects of the two-factor treat-ment and species, including their interactions. We controlled for the pseudoreplication of individual strains by including it as an error term in the analysis. A separate analysis of variance was performed to explore the variation in response between strains of the same species for three of the investigated fungi (G. sepiarium, I. benzoinum, and J. luteoalba).
Results and Discussion
Measurement of fungal growth
The growth rate on agar of five species of fungi with various properties was used as parameter for the antifungal effect of debarking water. Linear growth was generally observed over the two weeks measurement period, although in some cases there was a short lapse of 2 -3 days before growth began. In addition, the growth rates of some fungal species slowed down as their mycelia approached the edges of the agar plates.
The species and their individual strains responded differently to the extracts. Generally, the concentration test in experiment 1 revealed that the debarking water Fig. 1 . Antifungal activity of the extracts in experiment 1, in which the fungi were exposed to different concentrations of freeze-dried and ethanol-extracted debarking water. Antifungal activity is calculated as 100 · (CG−TG)/CG, where CG is the observed growth rate of fungal hyphae on the untreated control agar plate and TG is the observed growth rate of fungal hyphae on the agar plate treated with debarking water. In cases where multiple bars are shown for a given species and extract concentration, the individual bars represent the response of one of the tested strains of that species. Only single strains of O. lateritius and P. cornea were examined. Each value is based on 5 -15 replicates. Bars indicate SD. had antifungal effects, although a concentrated solution was required to achieve good antifungal activity (Fig. 1) . Complete inhibition of growth was observed only for the single tested O. lateritius strain, two of the three G. sepiarium strains, and one of the three J. luteoalba strains. The greatest degree of variation between individual strains in terms of their response to the extract was observed for J. luteoalba.
In experiment 2, the ethyl acetate fraction generally proved to be the most effective antifungal agent (Fig. 2) . The fungi most sensitive to this fraction were the brown-rot fungi G. sepiarium and O. lateritius, which did not grow at all on the corresponding agar plates during the studied period. In addition, the growth of the white-rot fungus Phlebia sp., which grew rapidly on the control plates, was strongly reduced by the ethyl acetate extract in particular. The other fractions were generally less effective and in fact, J. luteoalba exhibited accelerated growth on the agar plate containing the aqueous extract.
In experiment 3, the diethyl ether fraction strongly reduced the growth of G. sepiarium, O. lateritius and Phlebia sp. The growth of the two latter species was also reduced by the other tested fractions. However, the growth of I. benzoinum and J. luteoalba was affected only little (Fig. 3) .
The brown-rot fungus G. sepiarium, which prefers fresh wood, was less tolerant to all fractions of the debarking water than species that prefer more decayed wood (see Figs. 1 -3) . It can also be seen that two of the tested white-rot fungi, I. benzoinum and J. luteoalba, were not much affected in any of the bioassays, and it can be noted that both species prefer more decayed wood. It is proposed that white-rot fungi are generally less affected by phenol growth inhibitors than brown-rot fungi, because of their higher laccase production, which enable them to detoxify aromatic compounds (Voda et al., 2003; Hart and Hillis, 1974) .
Statistical analysis
In all three experiments, the treatment (concentration and extract type) and species effects were highly significant, as were their interactions (p < 0.001 in all cases).
The individual strains of the species responded differently to the different extracts (p < 0.05) except for those of I. benzoinum in experiments 1 and 2 (p > 0.05 in both cases). This shows that not only the species themselves vary among each other, but also that different fungal strains have specific responses. These differences are, however, smaller than among species (cf. Figs. 1 -3) .
The growth responses of individual strains of a species to the concentration/extract type were significantly different in most cases, with the exception of J. luteoalba in experiment 2 and G. sepiarium in experiment 3 (p > 0.05 in both cases), suggesting that strains differ in their sensitivity to the different extract types, as shown in Figs. 1 -3 . However, these differences are less pronounced between strains as compared to species.
Chromatographic analysis of the extracts
TLC and HPLC analyses confirmed that, as expected, the solvent-solvent extraction process fractionated the debarking water such that its nonpolar contents, like terpenoids, were found in the n-pentane extract, compounds of intermediate polarity, like phenols and resin acids, were found in the ethyl acetate extract, and its polar compounds, like sugars, were retained in the water/ethanol fraction. Each fractionation step reduced the concentrations of some compounds in the different extracts as they were split across several fractions. We therefore investigated extracts of increasing concentration as the material was fractionated further.
The ethyl acetate fraction contains a variety of phenolic substances, known to have an antifungal effect (Singh and Singh, 2010) . These also have an antioxidant effect, which commonly causes growth inhibition on wood, due to the initial attack on the cell walls with reactive oxygen species. However, as we only tested growth on agar, effect of cell wall attack is not a plausible explanation for the phenols' fungicidal activity.
Conclusion
Spruce debarking waste water from the paper industry efficiently reduced the growth on agar of five species of wood-rot fungi, although the magnitude of reduction varied between the species and strains. The fractions obtained by solvent-solvent extraction using ethyl acetate and diethyl ether inhibited or strongly reduced growth in all strains of the two brown-rot species G. sepiarium and O. lateritius and also of the whiterot species Phlebia sp. Debarking waste water should therefore be further examined as an potential source of wood-protecting agents.
To meet the need of efficient and environmentally benign methods for wood protection screening of antifungal properties of debarking waste water should be extended to fungi growing on wood in order to verify any real wood protection action of extracts found active in the bio-assays. (Hsu et al., 2009; Chen et al., 2014; Hart and Hillis, 1974) .
